The mossy fiber synapse between dentate granule ceils and CA3 pyramidal cells in the guinea pig hippocampus shows a robust short-term synaptic enhancement.
We have simultaneously measured presynaptic residual free calcium ([Ca*+],) and postsynaptic field potentials at this synapse to examine the role of [Ca2+liin this enhancement.
Single action potentials produced an increase in [Ca2+li of lo-50 nM that decayed to resting levels with a time constant of about 1 sec. Trains of action potentials produced larger [Ca*+J increases that returned more slowly to resting levels.
Following the onset of moderate frequency stimulus trains (0.14 Hz), synaptic transmission and [Ca2+li both increased and eventually plateaued.
During the steady-state phase a linear relationship between [Ca*+J and synaptic enhancement was observed. During the initial buildup, however, [Ca*+J rose more rapidly than synaptic enhancement.
Similarly, during the decay phase immediately following termination of a stimulus train, [Ca2+li returned to prestimulus levels faster than synaptic enhancement.
High concentrations of the calcium buffer EGTA in the presynaptic terminal slowed the buildup and decay of both [Caz+li and synaptic enhancement produced by stimulus trains. Under these conditions, the time course of [Ca2+liand synaptic enhancement were well matched. This suggests that, despite the differences in kinetic rates observed for normal buffering conditions, increases in [Ca*+],play a causal role in short-term enhancement.
An increase in [Ca2+li of lo-30 nu produced a twofold enhancement. We propose a simple kinetic model to explain these results. The model assumes that synaptic enhancement is controlled by a Ca-dependent first-order reaction. According to this scheme, a change in [Ca2+li alters neurotransmitter release, but the slow kinetics of the underlying reaction introduces a temporal filter, producing a delay in the change in synaptic enhancement.
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Synapses are dynamically modified to reflect their history of use (Zengel et al., 1980; Kretz et al., 1982; McNaughton, 1982; Atwood and Wojtowicz, 1986; Magleby, 1987; Griffith, 1990) .
Normal variations in the firing pattern of neurons produce significant transient changes in synaptic strength, and such changes undoubtedly contribute to the computations performed in nervous systems. In the mammalian CNS, the magnitude of this short-term synaptic enhancement can be large at stimulus frequencies similar to the rates of activity observed in single-unit recordings of presynaptic cells in viva. It is thus a candidate for the biophysical basis for some forms of short-term memory. In contrast to the considerable effort devoted to discovering the molecular mechanisms responsible for long-term potentiation, the examination of short-term enhancement in the mammalian CNS has primarily been restricted to phenomenological characterization. The biophysical processes responsible for such alterations are poorly understood. Short-term synaptic enhancement has been most thoroughly characterized at invertebrate synapses and at the neuromuscular junction in vertebrates (Atwood and Wojtowicz, 1986; Magleby, 1987) . High-frequency stimulus trains enhance release both during and after stimulation. Based upon differences in time course and pharmacology, this enhancement is separated into four components: posttetanic potentiation (PTP), augmentation, facilitation component F2, and facilitation component Fl, with time constants of decay of 30-90 set, 5-10 set, 200-500 msec, and 20-l 00 msec, respectively. Quanta1 analysis indicates that these forms of enhancement are presynaptic in origin.
Presynaptic free calcium has long been implicated in shortterm enhancement (Katz and Miledi, 1968; Charlton et al., 1982; Connor et al., 1986; Delaney et al., 1989; Swandula et al., 199 1; Zucker et al., 1991) . In this view, calcium plays a dual role: in addition to triggering the vesicle fusion underlying neurotransmitter release, calcium can act on a slower time scale to alter the probability of vesicle fusion. The essential role of calcium in synaptic transmission has been known since the experiments of Katz and Miledi (1967) . Action potentials open voltage-gated calcium channels strategically located near release sites (Roberts et al., 1990; Robitaille et al., 1990; Cohen et al., 199 l) , calcium enters the presynaptic terminal, and initiates vesicle fusion. One popular hypothesis has been that the residual calcium that remains from previous action potentials sums with the calcium influx produced by subsequent action potentials to enhance release (Katz and Miledi, 1968; Zucker, 1988) .
The involvement of residual calcium in PTP and augmentation, the slower components of short-term enhancement, has recently been demonstrated at the crayfish neuromuscular junction by direct comparison of presynaptic calcium and enhancement (Delaney et al., 1989; Delaney and Tank, 1994 ). An approximately linear relationship between increases in [Ca2+l, and synaptic enhancement was observed, and experiments suggested that increased [Ca2+] , caused the increases in the probability of release during augmentation and PTP. While it is thought that for fast synapses it takes more than 50 FM to trigger fusion (Simon and Llinas, 1985) , for the crayfish neuromuscular junction a [CaZ+] , increase of just 600 nM enhanced release severalfold. The results are not in accord with the residual calcium hypothesis described above where release is enhanced by simple elevation of peak calcium level reached following an action potential (see discussion in Delaney et al., 1989) . Rather, it appears that the residual calcium modulates the probability of release through a rapid biochemical process. Thus, the time courses of augmentation and PTP at this synapse are dictated by the time course of [Ca2+], ; D. W. Tank, K. R. Delaney, and W. G. Regehr, unpublished observations). Here we examine the role of [Caz f 1, in short-term use-dependent enhancement at a mammalian central synapse, the hippocampal mossy fiber synapse. The mossy fibers originate from dentate granule cells and make en passant synaptic connections on the proximal apical dendrite ofCA3 pyramidal cells (Amaral, 1979; Claiborne et al., 1986) . In addition to showing a pronounced short-term enhancement (Griffith, 1990) , the large presynaptic terminals associated with this pathway are well suited to free calcium ion imaging methods (Regehr and Tank, 199 la, c) . In a previous study we simultaneously measured presynaptic calcium and postsynaptic field potentials and determined that the maintenance oflong-term potentiation at this synapse is not produced by persistent increases in [Ca2+] , (Regehr and Tank, 1991a) . In the present study we use a similar approach to test the hypothesis that increases in [Caz t 1, produce short-term synaptic enhancement on the time scales of augmentation and PTP during and after elevated firing levels. We find that increases in [Caz + 1, are correlated with increased enhancement and provide evidence that the relationship is causal. However, changes in synaptic strength are found to lag changes in [CaZ+] , at mossy fiber synapses, in contrast to the crayfish neuromuscular junction where such a lag was not apparent. A model is proposed in which this temporal mismatch is accounted for by the slow kinetics of a first-order calcium-dependent reaction, where the product of this reaction produces the synaptic enhancement.
Preliminary reports of these findings have been published (Delaney et al., 199 1; Regehr and Tank, 1991 b; .
Materials and Methods
Brain slice preparation and electrophysiology. The results presented in this article summarize experiments from 80 transverse hippocampal slices from 45 guinea pigs (150-250 gm). Slice preparation and maintenance followed previously described procedures (Regehr et al., 199 la,c, 1992b) . Unless otherwise indicated, the artificial cerebral spinal fluid (ACSF) contained (in mM) 124 NaCl, 3 KCI, 2.5 CaCl,, 4 MgCI,, 26 NaHCO,, 10 D-glucose, 50-100 PM m-2-aminophosphono-5-valeric acid (AP5) (Sigma), and 50 FM picrotoxin (Sigma). The NMDA receptor antagonist AP5 was present to prevent possible potentiation of associational responses, and picrotoxin was present to prevent GABA, inhibition from contaminating the extracellular postsynaptic potential (PSP).
The monosynaptic connection strength was measured using the procedure introduced in Regehr and Tank (1991a) . The key to successful measurement of a monosynaptic PSP was to use the fura-fluorescence of labeled mossy fibers to guide electrode placement. An extracellular stimulus electrode was placed near the fura-loading site, and a recording electrode was positioned near the imaged terminals, 500-1000 km from the stimulus electrodes. All experiments satisfied our criteria for the postsynaptic potential having little contamination from actiof the presynaptic volley and the extracellular postsynaptic potential dropped off rapidly when the recording electrode was moved from the mossy fiber tract, (2) the high concentration of divalent ions raised the threshold for firing an action potential sufficiently to prevent a population spike from occurring, and (3) the contribution of disynaptic responses was minimized by placing the recording electrode near the stimulus electrode and recording the initial slope of the PSP. No detectable change in the presynaptic volley amplitude for test pulses occurred during the course of an experiment. Test pulses were 0.2 Hz except as noted in the text. The initial slope of the unfacilitated PSP was l--? mV/msec at 32-34"C, 1.5-5 mV/msec at 25-27"C, and 0.2-0.6 mV/msec at 32-34°C in the presence of elevated levels of internal EGTA. Mux$uorimetry of calcium ion concentration. Mossy fiber terminals were labeled with fura-AM using a localized perfusion method described in detail elsewhere (Regehr and Tank, 1991a,c using a high-performance cooled CCD-based imaging system as described previously K,>, R,,,, R,,,, and .S,JS,,, were determined from in vitro calibrations, and a viscosity correction factor of 0.7 was used for this calibration (Poenie et al., 1986; . It was not possible to perform a calibration within the cell since calcium ionophores were not effective in making mossy fiber terminals permeable to calcium (presumably the ionophores do not have access to regions within the slice). Since the properties of furadepend upon the local environment, they are influenced not only by the viscosity, but by binding of the dye within the cell (Konishi et al., 1988 In addition, we checked for the possibility of excessive loading by comparing kinetics for terminals labeled in the usual way to the kinetics in terminals labeled for one-fourth the usual time. The labeling was correspondingly less bright, and the signal-to-noise ratio was poor, but the kinetics were unaltered. Third, the temperature dependence of the properties of fura-did not affect the determination of the time constant of calcium decay since calcium concentrations used to determine time constants of decay were well below the dissociation constant of fura-2. Within this range there is a linear relationship between the change in fura-fluorescence and the calcium concentration, and fura-ratio kinetics are the same as the calcium concentration kinetics. Fourth, compartmentalization did not appear to be a problem. When using fura-AM, compartmentalization within cellular structures is often observed. This leads to erroneous estimates of the free calcium level and is often reflected in an apparent increase in free calcium levels with time as the compartmentalization becomes more severe. In these studies at locations distant from the loading site, resting levels of fura-ratio were stable for many hours and compartmentalization was not apparent. This suggested that although fura-AM was used in these studies, furaat the recording sites behaves very much like the free acid form. This may be because the recording site is not exposed to DMSO and deesterification occurs before the dye has had a chance to diffuse very far.
When calcium concentrations are low, a linear relationship exists between calcium and fura ratio. and the time course of ratio transients closely approximates the time course of calcium transients. Assuming R -c Lx (a condition satisfied when [Caz +I, is below the I$ of fura-2) Equation 5 of Grynkiewicz et al., 1985 , can be approxtmated to second order in R/R,,, by Kinetic modeling sfa calcium driven reaction. Numerical simulations of the kinetic model presented in the text were performed on a microcomputer. A single compartment was assumed and the differential equations describing the reaction were integrated by the Euler integration method with a time step of 0.1 msec. A test of shorter integration time steps produced no significant change in the results. Where possible, numerical results were compared to analytical solutions. Initial conditions are specified in the text.
Results
The buildup and decay qf calcium in mossJl,fiber presynaptic terminals Changes in presynaptic free calcium concentrations in mossy fiber terminals were determined following fura-loading by local perfusion ofthe mossy fiber tract (Regehr and Tank, I99 lc) . After allowing l-4 hr for fura-to diffuse down the axon and fill distant terminals, stimulus and recording electrodes were positioned, as shown in Figure 1 , using fura-fluorescence as a guide. A high-power objective (40 x or 100 x) was then used to image presynaptic terminals in stratum lucidum well away from 
For our experimental conditions, when [Cal+], = K,,, R/R,,, is about 0.07 (i.e., a deviation of about 7% from a linear relationship exists). Thus, provided calcium levels are below the dissociation constant of fura, the deviation from linearity is small, and the time course ofcalcium transients measured from the decay of the ratio is close to the actual calcium decay. For example, ifcalcium decays exponentially with a time constant of 10 set from 200 nM to 50 nM, the time constant of decay determined by fitting an exponential to the decay of fura-ratio is 10.2 set, an overestimateof about 2%. Loadin with EGTA and EDTA. In experiments where intracellular calcium buffering was elevated, the mossy fiber tract was first labeled with fura-by localized perfusion. Slices were then incubated in ACSF containing EGTA-AM or EDTA-AM using a loading procedure similar to that described for BAPTA-AM (Neisen et al., 1991) . EDTA-AM or EGTA-AM stock solutions (I 0 mM) were prepared in DMSO and stored at -30°C. Stock solutions were removed from the freezer on the day of the experiment and added to ACSF to give a loading solution containing 0.5% DMSO and 50 FM of either EDTA-AM or EGTA-AM. Two hippocampal slices were then transferred to a container with 2 ml of continuously oxygenated loading solution. Slices were loaded for 30 min and then transferred to a holding chamber containing normal oxygenated slice saline for 30-60 min prior to imaging experiments. Incubation in ACSF containing 0.5% DMSO alone did not alter the kinetics of calcium or synaptic-enhancement. In other experiments, a baseline response was measured in the presence of a perfusate containing 0.2% DMSO alone. Then the perfusate was changed to one containing 0.2% DMSO and EGTA-AM and the response of calcium and PSP were monitored during loading. EGTA and EDTA were well suited to slow the rise and fall of calcium without completely blocking synaptic transmission, unlike a fast buffer such as BAPTA, which would have blocked synaptic transmission (Adler et al., I99 I ; Delaney and Tank, 1994) . the initial perfusion site.
As shown in Figure 2A , single action potentials produced [Ca?+], increases in individual mossy fiber terminals of 39 + 13 nM (&SD, n = 10, range = 2 l-64 nM) in 4 mM external calcium, and 14 + 7 nM (&SD, n = 4, range = 8-21 nM) in 2.5 mM external calcium. The return of [Ca?+], to resting levels was well approximated by an exponential decay with a time constant of I. 1 + 0.4 set (&SD, n = 14, range = 650-2000 msec). In some cases it was possible to obtain good signal-to-noise ratios for [CaZ+] , changes in individual terminals without signal averaging, but Figure 2A is representative of the more typical case in which an estimate of the increase of [Ca>+] , produced by single action potentials is possible but characterization of the exact time course is compromised by the poor signal-to-noise ratio.
To better determine the kinetics of [Caz+] , transients, the summed fura-fluorescence from many terminals was measured. Based upon fluorescence intensity we estimate that hundreds of mossy fiber terminals contribute to these signals. Figure  2B shows the fura-ratio change in a large number of terminals produced by a single stimulus. The signal-to-noise ratio was greatly improved over similar measurements made from individual presynaptic terminals. Given an average terminal diameter of about 3 pm, an interterminal distance of I35 pm, and an axonal diameter of 0.2 Km, we estimate that presynaptic terminals contribute 75% of the total fura-fluorescence (Claiborne et al., 1986) . It is, however, not possible to use this spatially averaged fluorescence to determine [Caz + 1, change per activated terminal since it is not known to what extent activated terminals, nonactivated terminals, and axons contribute to the total fluorescence.
We then tested the hypothesis that changes in the aggregate fura-fluorescence can be used to determine the time course of calcium transients in individual terminals. In Figure 2C the calcium transients in individual terminals and the aggregate ratio transients are plotted on the same graph. Both transients were produced by IO action potentials delivered at 100 Hz. The similarity of the time courses suggests that measuring changes in the aggregate fura-fluorescence ratio is an appropriate way to determine the time course ofcalcium transients in individual terminals (see Materials and Methods).
These measurements ofcalcium transients have a direct bearing on attempts to compare A[Caz ( 1, to enhanced release during Figure I . Schematic of a hippocampal slice. In the expanded diagram the connection between a granule cell and the proximal dendrites of a CA3 pyramidal cell, the mossy fiber synapse, is shown. The presynaptic terminals associated with these axons, indicated by periodic enlargements, are up to 5 Frn in diameter.
frequency-dependent facilitation.
To measure calcium accumulations faithfully, we sampled rapidly (pairs of images at 10 Hz) and carefully timed image acquisition relative to test pulses.
When the interval between action potentials is short compared to the decay time shown in Figure 2 (1.1 set) the calcium increase is directly proportional to the number of action poten- When the stimulus interval is not short compared to the decay time of calcium, a qualitatively different temporal summation occurs. During low-frequency trains [Ca2+] , transients that accompany individual spikes are superimposed upon a gradually increasing [Ca2+] , that eventually plateaus, as shown in Figure  4 .4. For these stimulus conditions the interval between action potentials is sufficiently large to allow some, but not all, of the calcium from the previous action potential to be removed from Figure 2 . Stimulus-evoked calcium transients in mossy fiber presynaptic terminals. A, Calcium transient produced by a single action potential in an individual mossy fiber terminal. Four trials (dots) separated by more than I min were averaged to form the so/id line. Calcium was determined from 340 nm:380 nm ratio pairs acquired at IO Hz. B, Changes in the ratio of fura-fluorescence excited by 340 nm and 380 nm illumination produced in mossy fiber terminals by a single stimuli. C, The solid he represents the change in fura-fluorescence ratio in a large number of terminals, and the three dashed lines are calcium transients in individual terminals produced by IO action potentials delivered at 100 Hz. For the purpose of comparing the time courses, the traces were normalized to the peak calcium transient (2.5 mM Ca" and T = 32°C) (Exp7 I 79 I A).
the cell before the arrival ofthe next action potential. This leads to a buildup of [Caz+] ,.
We have compared the fura-ratio changes rapidly measured during low-frequency trains with calcium accumulations predicted from linear superposition of transients produced by a single action potential. This approach begins with the observation that single action potentials increase [Caz+] , abruptly by A[Ca2+], followed by an exponential decay to resting levels with a time constant, T. It is assumed that during a train of action potentials both T and A[Ca2+] remain constant. For two action potentials separated by time, t, the [Cal+] , present immediately prior to the second action potential produced by the previous action potential is A[Ca*+] P". For a series of action potentials delivered at time t,, t,, t,, . . t,, the increases in the calcium level in the presynaptic terminal above resting levels just before action potentials 1 and n are and
In the special case of a train with evenly spaced stimuli, the calcium level present in the terminal before the nth stimulus is
"fr -1).
Eventually, after a prolonged period of stimulation, the calcium plateaus and the increase in residual calcium level in the presynaptic terminal present at the time just prior to a stimulation pulse (AD*+ Iplateau ) is given by the limit of Equation 7 as n where t is the interpulse interval (l/stimulus frequency). The linear superposition model predicts that the [CaI+] , level present immediately preceding the action potentials in a train builds with a time constant T, independent of the stimulus frequency (see Eq. 7). A comparison ofthis predicted form and experiment is shown in Figure 4C , where the fura-ratio values immediately before the next stimulus pulse are compared to a curve of the form A[Ca2+] (1 -e--OT), with T determined from Figure 4B . In the range of0.5-2.5
Hz, the match in time course is remarkably good. Clearly, though, for 5 Hz stimulation the experimentally observed time course does not agree with the predicted time course (see Discussion).
As shown in Figure 4C , [Ca*+ ]p,a,cau increases with elevated stimulus frequency. In Figure 40 Note that the predicted shape of the curve given by Equation 8 can be approximated by a linear function over the range of 0.5-2.5 Hz, but that at frequencies below (27))' very little calcium remains from previous stimuli when the next stimulus pulse is applied.
As shown in Figure 5 , 
120 pulses T = 33°C. pre refers to traces I and 2, and post refers to traces 5 and 6. For these experiments the PSP amplitude was not measured to eliminate the contribution of calcium transients produced by the test pulses. The graphs shown are ratio changes with prestimulus ratio levels subtracted and then normalized such that the point at the end of the train is equal to I. A measure of the time course of calcium decay was obtained by a single exponential fit between I5 and 45 set after the end ofthe stimulus train. This range was chosen because it was possible to approximate the decay with a single exponential fit over this range, and the calcium levels are in a range that there will be a linear relationship between the fura-fluorescence ratio and the calcium concentration. A, Calcium transients in response to 40 pulse trains delivered at the indicated temperatures. B, Calcium transients in response to I20 pulse trains delivered at the indicated temperatures. C, Calcium transients in response to stimulation with 40 and 120 pulse trains at 33°C. IL? Calcium transients in response to stimulation with 40 and 120 pulse trains at 25°C. E, Summary for the effect of temperature on the time course of calcium decay for experiments using five slices (A-D: Exp6259lA). (Fig. SC,D,E) . Averaging a number of experiments similar to that of Figure 5 , at 33°C the time constant of decay was 11 + 1.5 set (+SEM, n = 7) for 40 pulses and 17 ? 4 set (?SEM, n = 7) for 120 pulses, while at 25°C the time constant ofdecay was 16 + 5 set (+SEM, n = 4) for 40 pulses and 23 * 4 set (?SEM, n = 4) for 120 pulses. Similarly, as shown in Figure 5E , lowering the temperature prolonged the calcium transient corresponding to a Q," of 1.9 for a train of 40 pulses and a Q,, of 1.6 for 120 pulses. ,. In this particular case, an increase of about 16 nM corresponded to a twofold enhancement (when A (normalized PSP slope) = l), similar to our previous results (Regehr and Tank, 1991a) where 17 f 4 nM corresponded to a twofold enhancement. For about lo-20 set immediately following tetanic stimulation there was a deviation from a linear approximation relating the synaptic enhancement to A[Ca*+], (Fig. 6B) . Also note that calcium decayed more rapidly than did enhancement.
Similar results were observed when aggregate fura-ratio changes, instead of presynaptic calcium levels from individual terminals, were compared to EPSP following high-frequency stimulation (data not shown). The mismatch between the time course of calcium decay and the decay of synaptic enhancement suggested that for mossy As shown in Figure 5 , calcium dynamics are influenced by the number of action potentials in a train and by the temperature. These two manipulations have also been reported to influence the time course of PTP at other synapses (McNaughton, 1982) . We therefore performed experiments to examine quantitatively the influence of temperature and the number of pulses in a stimulus train on the kinetics of enhancement and [Caz + I,.
Lowering the temperature from 33°C to 25°C had a number of ancillary effects: it decreased the conduction velocity as reflected by an increase in the time to peak of the presynaptic volley; it increased the amplitude ofthe unfacilitated PSP slope; it decreased the amount of enhancement, as shown in Figure 7 , Aa and Ba; and transient depression of release following a train became pronounced, as indicated by the gradual buildup of PSP slope for several pulses following the cessation of tetanic stimulation (compare Fig. 7 , Ab to Bb). More relevant to the matter at hand, lower temperatures slowed the time constant of decay for synaptic enhancement and for the A[Caz+], (compare Fig. 7 , .4c to Bc). The duration of synaptic enhancement was, however, affected to a greater extent than was A[Cal+],. For example, for the experiment displayed in Figure 7 , a decrease in the temperature increased the decay time constant of synaptic enhancement from 25 set to 170 set, while increasing the time course of the decay of calcium from 14 set to 23 sec. This differential In the experiments summarized here, time course of decay of field PSP sl ope and aggregate fura-f ratio were measured Grntiltaneously. For calcium decay and PSP decay at 3 I-33"C, time constants were determined by a lit to the function a.e " for the Aratio or APSP slope over the time period IWO set following the termination of tetanic stimulation. For the decay of PSP at 25-27"C, fits were made over a range of about 40-100 set to avoi d the prominent depressi on that immediately followed tetanic stimulation.
effect of temperature was reliably observed (although the data in Fig. 5 are an example of a particularly large effect). Thus, lowering the temperature accentuated the temporal mismatch in the decay kinetics of A[Ca" 1, and synaptic enhancement. Table 1 summarizes a number ofexperiments in which furaratio and enhancement were measured simultaneously. Increasing the number of pulses in a stimulus train extended the time course ofdecay for both synaptic enhancement and fura-ratio. At 3 I-33°C increasing the number of pulses in a 40 Hz train from 40 to 120 produced small changes of comparable amplitudes in the decay time constant. At 25-27°C. increasing the number of pulses in a 40 Hz train from 40 to 120 had a greater effect on the decay time constant of enhancement than on the decay time constant of calcium. In 15 of 16 experiments summarized in Table 1 , calcium decayed more rapidly than did synaptic enhancement and, according to the Wilcoxon pairedsample test, a nonparametric analog of the paired sample t test (Zar, 1974 ) the decay of calcium was significantly more rapid than the decay of PSP slope for the data summarized in Table  I (p = 0.001).
Thus, manipulations that prolong the decay of enhancement are accompanied by a corresponding change in the time course of calcium decay. In addition, the temporal mismatch between the A[Ca2+], decay and the decay ofenhancement is accentuated at lower temperatures.
Synaptic enhancement during low-frequency trains As shown in Figure 8 , synaptic transmission is enhanced during low-frequency trains (0.1-5 Hz). Synaptic enhancement builds rather slowly and eventually plateaus. The time course of the buildup of synaptic enhancement for various frequencies is shown in Figure 8A . As shown in Figure 8B , as the stimulus frequency is increased, the plateau value also increases. The buildup of synaptic enhancement was well fit by a single exponential with a time constant that depended on the stimulus frequency (Fig.  8C) . The time constant is plotted against stimulus frequency in this manner to facilitate comparison with a kinetic model we present below.
During trains delivered at greater than 5 Hz the presynaptic volley broadened, the latency was increased, and the PSP slope peaked relatively early in the train and then declined (data not shown). Such an effect was also sometimes observed, to a smaller extent, for 5 Hz stimulation.
We tested the possibility of spike broadening contributing to Time (set) the observed synaptic enhancement. Synaptic transmission has been shown to be sensitive to spike width at a variety of synapses, including the squid giant synapse, where a 30% increase in the spike width can produce a 190% enhancement of synaptic transmission (Augustine, 1990) . Although the presynaptic volley does not remain constant during stimulus trains of greater than 5 Hz, within our measurement accuracy there was no detectable change in spike width for frequencies of less than 5 Hz (data not shown). We therefore estimate that the spike broadening under our experimental conditions is less than 10%. This suggests that spike broadening could not account for the observed synaptic enhancement unless the sensitivity to spike width was much greater at this synapse than the sensitivity described elsewhere.
During low-frequency trains, after synaptic enhancement has plateaued, the relationship between A[Cal+], and enhancement is well approximated by a linear function, as shown in Figure  9 . For 13 experiments it was found that a twofold enhancement corresponded to an increase of 21 & 3 nM calcium. As shown in Figure 4 , low-frequency trains produced a buildup ofcalcium in presynaptic terminals. We compared the buildup of calcium to the buildup of synaptic enhancement by simultaneously measuring the fura-fluorescence ratio and the o.oJ A [CaI+] , plateaued with a time constant of l-l.5 set, which was similar to the decay time constant for calcium produced by a single action potential. In contrast, PSP enhancement built up with a time constant of4-12 set, as shown in Figure 10 . This mismatch between the buildup of calcium and enhancement at the onset of a stimulus train was observed in all of 15 experiments.
Calcium transients and synaptic enhancement in the presence of exogenous calcium buffer
The observations described thus far have not established a causal relationship between increases in [Caz+] , and synaptic enhancement. Indeed, the observation that during and following stimulus trains a mismatch in the time course of calcium transients and the time course of PSP enhancement suggests that the role of A[Ca*+], in short-term plasticity at this synapse is, at the very least, less straightforward than at the crayfish neuromuscular junction.
A crucial prediction of the hypothesis that A[Ca*+], causes short-term enhancement at the mossy fiber synapse is that if Based upon experiments at the crayfish neuromuscular junction and theoretical considerations, the time course of A[Ca*+], decay is well approximated by an exponential decay with a time constant proportional to the buffer capacity of the presynaptic terminal (Tank et al., 199 1; Neher and Augustine, 1992) . When the buffer capacity of the presynaptic terminal is increased, it takes more time to load up the buffer with calcium and to remove the calcium from the presynaptic terminal. To produce a sufficiently large change in the calcium decay time, it was necessary to fill the presynaptic terminals with large quantities of exogenous buffer. Using EGTA-AM to increase the calcium buffer capacity in presynaptic terminals profoundly slowed the time course ofcalcium buildup and decay. One example is shown in Figure 11 , where the buildup in response to 5 Hz and 2 Hz stimulus trains is well approximated by a single exponential with a time constant of 25 sec. In seven experiments EGTA reliably slowed the time constant of both the buildup and the decay of calcium, although there was some quantitative variation in the magnitude of this effect. As also shown in Figure 11 , the slowing of calcium buildup and decay was accompanied by a slowing of the rate of buildup and decay of the synaptic enhancement. The enhancement was slowed to a greater extent, such that both synaptic enhancement and calcium now followed the same time course.
The fact that when calcium kinetics are appreciably slowed the time course ofsynaptic enhancement then tracks the calcium changes without a delay provides strong evidence that increases Enhancement of field potential during low-frequency stimulation. A, The change in normalized field potential slope as a function of time for trains delivered at the indicated stimulus frequencies. B, The change in plateau PSP slope as a function of frequency. PSP slopes are the average after the response had plateaued (i.e., at least 20 set after the onset of stimulation) and the error bars are standard deviations. C, The inverse of the time constant of PSP enhancement is plotted as a function of the stimulus frequency. The time constant T was determined from a fit to the function a( I -e ' ,). ANormalized PSP slope corresponds to (PSP slope)/(unfacilitated PSP slope-I (Exp92 I9 I B).
in [Caz+] , cause short-term enhancement at the mossy fiber synapse. But why is there a delay between calcium changes and enhancement for normal buffer conditions?
A calcium binding site with slow kinetics can account,for the temporal mismatch between residual calcium and enhancement
We suggest a simple model to account for the fact that the synaptic enhancement appears to be causally related to the calcium buildup but occurs with a time delay under normal calcium Time (set) Figure 10 . At the onset of low-frequency trains residual calcium builds up more rapidly than does synaptic enhancement. Normalized aggregate fura-ratio changes and field potential slopes are plotted as a function of time for 2 Hz (A) and 1 Hz (B) stimulation. To enable comparison of the time course of calcium increases and the buildup of enhancement, the ratio change and field potential slopes have been normalized such that 0 corresponds to the value at the commencement of stimulation and 1 corresponds to the plateau value observed after 25 set of stimulation. Note that the normalized fura-ratio change is plotted for the time period immediately preceding the stimulus pulse in a manner similar to Figure 4C . The time constant 7 was determined from a fit to the function (1 -et ",)) for the indicated data (Exp7299 1).
buffering conditions. The model assumes that short-term synaptic enhancement is produced by a Ca-dependent first-order reaction product, and that the slow kinetics ofthe Ca-dependent reaction produce the experimentally observed temporal mismatch. We assume that calcium binds to a substrate (X) to produce a product, CaX*, that increases the probability of release: where [CuX],,,,,,, is the steady-state value attained after a prolonged calcium step. Thus, the model predicts that a step increase in calcium concentration activates a substrate with a time course, characterized by the time constant in Equation  14 , that depends upon the magnitude of the calcium step and the on and off rates of the binding site. For comparison with experiment, we provide an example in Figure 12B of the numerically computed buildup of the activated substrate produced by the calcium steps shown in (Fig. 12A ). We also demonstrate that when the numerically computed data is plotted as r-1 versus the magnitude of the calcium step, a straight line is produced that has a slope of k+ and a y-intercept of k -. The calcium level dependence of the time constant of buildup of the activated substrate in this model (Fig. 12C) is reminiscent ofthe dependence ofthe time constant ofthe buildup ofsynaptic enhancement observed during low-frequency trains delivered to mossy fiber terminals (Fig. 8C ). Higher-frequency trains that produce larger calcium steps have a more rapid rise in synaptic enhancement.
Under normal calcium buffering conditions the time constant of the calcium buildup is short compared to that of the synaptic enhancement.
Thus, for comparison with the model, the accumulation of calcium during the stimulus trains can be crudely approximated by a step from resting calcium levels, and the kinetic properties ofthe putative binding site can be estimated from our experimental measurements of calcium and enhancement.
We estimate that k is about 0.1-0.2 set', k+ isabout 10h~ I set', and Kd is about 100-200 nM (but see Discussion).
Having obtained a rather crude approximation of the properties of the proposed calcium-binding protein from experimental data on the buildup of PSP enhancement during lowfrequency trains, we can then ask whether or not this constrained model can now predict the relationship between calcium and enhancement during the decay phase following a brief highfrequency stimulus train. As shown in Figure 13 , qualitatively correct behavior is predicted from the model: [CaZ +I, decays more rapidly than the synaptic enhancement, and a plot of enhancement versus calcium level at the same time point is sublinear for the higher calcium concentrations found immediately after the decay begins.
Discussion
The data presented here support the hypothesis that increases in presynaptic residual calcium contribute, through a slow biochemical reaction, to short-term synaptic enhancement at the mossy fiber synapse. Our principal findings are that (1) stimulation of mossy fibers produced [Ca*+], transients in associated presynaptic terminals; for low-frequency action-potential trains it was possible to predict the time course of calcium accumulations from the accumulation produced by a brief high-frequency train; (2) changes in [Caz+] , buildup and decay kinetics were associated with concomitant changes in the kinetics of synaptic enhancement, providing strong evidence that [Caz + 1, increases caused the enhancement of synaptic strength observed during low-frequency trains and following tetanic stimulation; (3) although a causal relationship is suggested between [Cal+] , and synaptic enhancement, changes in synaptic strength did not respond instantly to [CaI+] , changes; (4) this delayed response was well described by a model that assumes that calcium slowly binds to a substrate that, in turn, increases the probability of release. In the following, we discuss in detail each of these principal findings. The linear superposition model of calcium accumulation is, however, inadequate for prolonged high-frequency trains and for stimulus trains delivered at greater than 2.5 Hz. Furthermore, this model fails to predict the experimentally observed increase in calcium decay time with increasing number of stimulus pulses in high-frequency trains. We suggest several possible explanations of these interesting deviations.
As shown in Figure 3 , there is a sublinear relationship between A[CaZ+], and the number of spikes in a 100 Hz train. Thus, during prolonged high-frequency trains, it appears that the calcium transient associated with each action potential decreases. This cannot be explained as a simple calcium buffer effect, since as a buffer becomes more loaded, free calcium increases associated with the next calcium load will increase, not decrease. However, there are a number of other reasons why A[Ca2+], might appear to decrease during high-frequency trains. First, the threshold for extracellular afferent fiber stimulation might change, resulting in the failure to generate action potentials. Second, activation of a calcium-activated K channel could narrow the action potential and produce less calcium influx per spike. Third, calcium channels could inactivate through calcium-induced calcium inactivation or other processes (Eckert and Chad, 1984) . Fourth, there may be another mechanism for calcium extrusion or sequestration that comes into effect when calcium levels are at the higher levels that are produced by these trains.
Increasing the number of pulses in a stimulus train slowed the decay of calcium. It also slowed the decay of enhancement (see below) and is analogous to the train duration dependence of the rate of decay of PTP observed at other synapses. One possible explanation for this effect is that the rate of calcium extrusion is reduced as the number ofaction potentials in a train increases. During long high-frequency trains Na levels also build in presynaptic nerve terminals (Delaney and Tank, unpublished observations) . Increasing intracellular Na levels will slow down the rate of calcium extrusion by the Na/Ca exchanger. If the Na/Ca exchanger is the dominant extrusion mechanism at the mossy fiber synapse, then the time constant ofcalcium decay will get progressively longer. The role of Na in PTP has been discussed recently by Mulkey and Zucker for the crayfish neuromuscular junction (1992) . A second possible explanation for the prolonged time constant is that a new influx of calcium into the cytoplasm is present following long high-frequency trains. For example, once calcium levels rise above a threshold level, intracellular calcium may be pumped into internal stores that slowly fill. Following train termination, the calcium is slowly released from the stores as the calcium level drops. This new source of calcium influx will prolong the decay of calcium in the terminal. This effect of a slow uptake-slow release mechanism is easily demonstrated in computer models of calcium decay kinetics similar to that introduced by Tank et al. (1991, unpublished observations) . This mechanism is particularly appealing since it would also explain the slow creep upward during the "plateau" phase of higher-frequency trains, such as that observed for 5 Hz stimulation in Figure 4 . The creep would occur because intracellular stores would be filling, providing an efflux of calcium from the intracellular space that gets progressively weaker as a level-dependent equilibration is reached between the intracellular calcium and the storage pool.
Lowering the temperature also slowed the decay of calcium under all conditions, with the Q,, for the calcium decay time constant in the range of 1.6-1.9. It is possible that the main influence of temperature was to decrease the rate of calcium extrusion.
The time course of calcium increases and decays in mossy fiber terminals appears to be similar to those in terminals at the crayfish neuromuscular junction (Delaney et al., 1989, Delaney and Tank, unpublished observations) and the frog neuromuscular junction (Robitaille and Charlton, 1992) . The time constant of calcium decay following a small number of action potentials is 4.2 set at 18.5"C for crayfish (Tank et al., 199 1, unpublished observations) compared to 1.1 set at 32°C for mossy fiber terminals.
Increases in /C&J, contribute to short-term enhancement Our experimental results support the hypothesis that increases in [Ca2+], lead to short-term synaptic enhancement at the mossy fiber synapse. First, high-frequency stimulation increased [Ca2+] , and enhanced release. Following cessation of stimulation, both calcium and PSP slope decayed back to resting levels, although calcium generally had a more rapid time course than did enhancement. Second, manipulations in the time constant of calcium decay were accompanied by a concomitant change in the kinetics of enhancement. Increasing the number of pulses in the stimulus train, or reducing the temperature increased the decay time of both [Ca*+], and enhancement. Further, for conditions of elevated calcium buffer, produced by the addition of large concentrations of EGTA, [Ca*+] , and enhancement increased and decayed with identical time courses. Third, during moderate frequency stimulus trains, after calcium and enhancement have plateaued, there is a linear relationship between enhancement and release. Fourth, as shown in Figure 8B , the relationship between plateau PSP enhancement and stimulus frequency has a distinctive shape, turning on slowly at low stimulus frequencies and then being well approximated by a linear relationship over the range of 0.1-2 Hz. The shape of this curve is predicted by consideration of the calcium kinetics in individual terminals and is well approximated by Equation 8 (compare Fig. 8B for 0.1-2 Hz with Fig. 40 ; for stimulus frequencies greater than 2 Hz PSP it appears that release is saturated.) Thus, the calcium decay time constant, T, appears to determine the relationship between plateau PSP enhancement and stimulus frequency in the range of 0.1-2 Hz.
Synaptic strength does not respond instantly to changes in residual calcium During the onset of action potential trains, [CaI+] , plateaued in about 1 set while enhancement increased more slowly. After a stimulus train [Ca*+], decayed back to resting levels more rapidly than did enhancement. There was typically a difference of 5-10 set in the time constant of decay at 32°C and this difference became more apparent at lower temperatures.
We presented a kinetic model that provides one possible explanation for the delay between calcium increases and synaptic enhancement. The model assumes that enhancement is driven by a calcium-dependent reaction. During a moderate frequency stimulus train the buildup of enhancement is primarily determined by the kinetics of the calcium-driven reaction. At higher stimulus frequencies enhancement builds more rapidly because at higher calcium concentrations in the presynaptic terminal, the reaction product, CaX*, is produced more rapidly. For the simplified case of an instantaneous calcium step a delayed response similar to that observed experimentally is easily demonstrated analytically, as shown in Equations 12-14 and numerically simulated in Figure 12 . Consistent with our model, slowing of calcium kinetics with EGTA eliminates the temporal delay in the expression of enhancement.
Our kinetic model suggests that for the decay phase of PTP the time course of enhancement at the mossy fiber synapse is determined in part by the calcium decay kinetics and in part by the slower kinetics of the calcium-driven reaction. The relative contribution of these factors is temperature dependent: at low temperatures the kinetics of the reaction binding site dominate and enhancement is slowed more relative to the calcium decay. At high temperatures calcium kinetics play a more important role and the difference in time constant between calcium decay and the decay of enhancement is reduced.
It is interesting to compare our model with that of Magleby and colleagues (summarized in Magleby, 1987) to account for enhancement during and following high-frequency trains. Our experiments predict that for a brief train the component of enhancement studied here will not peak instantly, as in the models proposed by Magleby and colleagues, but will instead peak with a delay after the train has terminated. Nonetheless, our observations are still consistent with their experiments. Following a high-frequency train, fast components of enhancement (such as Fl, F2) would obscure such a delay in slower components of enhancement (such as augmentation and PTP).
We have provided estimates of the kinetic properties of the calcium-driven reaction (k = 0.1-0.2 sect', k+ = lo6 M-~' sect', and Kd = 100-200 nM). The off-rate for this reaction is sufficiently slow that this site is unlikely to be involved in either Fl or F2, two forms of short-term facilitation that have time constants of decay of about 50 msec and 500 msec at the mossy fiber synapse (Regehr, Delaney, and Tank, unpublished observations) . This is apparent from consideration of the case in which a very large brief pulse of calcium activates the binding site. The reaction product would decay with a time constant of (k-)-l z 5-10 sec. With regard to k' and K,,, it must be remembered that our estimates depend upon A [Caz+] , , which in turn depends upon the properties of fura-within the presynaptic terminal.
It is unlikely that other forms of use-dependent modification, such as short-term facilitation and depression, could interfere with our study of the enhancement that occurs on the tens of seconds time scale. Fl and F2 and produce very little enhancement even for 5 Hz stimulation. Although synaptic depression is present at this synapse, particularly at lower temperatures, we do not feel it contributes significantly to the delay between changes in calcium and enhancement, because no depression occurs at the onset of a stimulus train where a delay is nevertheless observed. However, further experiments are necessary to rule out completely a contribution of depression to the delay that is observed in the decay phase following an action potential train.
It is worth emphasizing that most of the conclusions we draw do not depend upon a precise measurement of the resting calcium concentration, or upon the absolute calcium concentration. We have been primarily concerned with comparing the time course of calcium transients with that of synaptic enhancement. However, quantification of calcium is an important issue when considering the model we have proposed. Using a furadissociation constant of 200 nM and a viscosity correction factor of0.7 to estimate [Ca2'], (Poenie et al., 1986; then an increase in [Caz+] , from a resting level of 50 nM to 70 nM produces about a twofold synaptic enhancement. If, as we propose in our model, calcium is driven by a first-order calcium-dependent reaction, how can a 40% increase in [Ca2+], produce a 100% enhancement of release? This may simply reflect the use of incorrect parameters to determine resting calcium. Another possibility is that this form of enhancement is sensitive to A[Ca?+], and not to [Caz+] , (i.e., that the system adapts to the resting calcium concentration).
Biophysical models of the calcium-dependent enhancement There are a multitude of potential sites at which calcium might act to enhance release (Almers and Tse, 1990; Linstedt and Kelly, 1991; Petrenko et al., 1991; Sudhof and Jahn, 1991; Thomas and Almers, 1992 ). We will explore two candidate sites in more detail: (1) direct binding to a site on the postulated vesicle fusion protein and (2) binding to a protein such as calmodulin that initiates a biochemical cascade that alters vesicle availability.
It is widely thought that calcium triggers neurotransmitter release by interacting with a protein that promotes membrane vesicle fusion (Almers and Tse, 1990) . Although the fusion protein has not as yet been identified, it must be located in close proximity to the vesicle and to the membrane. It is thought that there are multiple calcium binding sites and at least one of the binding sites would need to be low affinity (KC, > 10 WM) to account for the high calcium levels needed to trigger vesicle fusion. It is possible that the calcium binding site responsible for short-term synaptic enhancement on the tens of seconds time scale is also located on the fusion protein. Such an enhancement site would be exposed to the very high, brief, calcium transient that occurs during an action potential. An important Calcium and Short-Term Enhancement question that arises is whether or not this exposure would always saturate the enhancement site, which would be inconsistent with experiment.
Although the instantaneous calcium concentration at the fusion protein during release is much higher than [Caz+] , measured during PTP, it does not follow that activation of the enhancement site would be large. Following an action potential, the binding to such a site would be dominated by the on-rate, the affinity is irrelevant. Given the estimates of the kinetic constants for the enhancement site that we have determined from our experiments, the fractional change in enhancement produced by a single action potential would be approximately An action potential would only activate 5% of the sites, due to the slow on-rate, so saturation of the site is not a potential problem with this biophysical model. Thus, the hypothesis that a fusion protein contains multiple binding sites, one of which enhances the release process through a calcium-dependent reaction with slow kinetics, is consistent with the experiments we have described here. A second possibility is that [Ca?+], may act as a second messenger at a site distinct from the fusion protein to enhance release. An example of such a process is that proposed by Llinas and Greengard (Llinas et al., 199 1) . According to this scheme, a pool of vesicles is normally tethered to cytoskeletal elements by unphosphorylated synapsin and is unavailable for release. Calcium increases that, through calmodulin, activate CaM kinase II and phosphorylate synapsin release tethered vesicles and make them available to bind to the release site, producing a greater release probability to subsequent action potentials. For this scheme to be responsible for short-term enhancement at mossy fiber terminals, the calcium dependence of the reaction would need to be the rate-limiting step. This implies that there would have to be a binding site on calmodulin with the appropriate forward and reverse rate constants, with the dependence of activation on calcium concentration approximately linear for calcium elevations of order 100 nM. One clear prediction is that blocking calmodulin should block short-term enhancement. Although the effects of calmidozolium have been examined at the CA3-to-CA 1 pyramidal cell synapse, the experiments employed high-frequency tetanic stimulation to induce long-term potentiation (LTP) and did not explore the question of calmodulin's role during low-frequency stimulation.
Other models that propose calcium-mediated biochemistry distinct from that underlying vesicle release have recently been proposed for the crab T-fiber giant synapse (Lin and Llinas, 1992) and release from chromaffin cells (Heinemann et al., 1992) and have been considered for facilitation (Stanley, 1986; Yamada and Zucker, 1992) . For chromaffin cells, measurements ofcalcium and release are well explained by assuming that there are two populations of vesicles: one available for immediate release and another that is not. Augmentation of release is accomplished by calcium acting at locations distinct from the release site to convert vesicles into the state available for release. Although calcium has not been measured in the crab T-fiber giant synapse, a similar mechanism has been proposed for tonic transmitter release and potentiation.
Comparison of the role of calcium in short-term plasticity at the mossy,fiber synapse and at the crayfih neuromuscular junction At the crayfish neuromuscular junction, increases in [Caz+ ] ,produce augmentation and PTP. Although for technical reasons we have not yet demonstrated the sufficiency of calcium increases produced independent ofaction potential-induced influx to cause enhancement at the mossy fiber synapse, nevertheless, our experiments suggest that the short-term enhancement observed both during and following action potential trains is also caused by the second messenger actions of [Cal '1,. Although many of the basic features of calcium-induced enhancement are similar at these two synapses, there are interesting differences.
At the crayfish neuromuscular junction enhancement responds rapidly to changes in [CaI+] ,, while at the mossy fiber synapse there is a delay. At present, our working hypothesis is that this delay is produced by the relatively slow kinetics of a calcium-activated reaction that drives the enhancement. We suggest that the enhancement observed at the crayfish neuromuscularjunction is also driven by a similar calcium-dependent reaction with slightly more rapid kinetics. Enhancement at mossy fiber synapses is determined in part by the kinetics of the underlying reaction and in part by the calcium dynamics. In contrast, at the crayfish neuromuscular junction the time course of synaptic enhancement is determined primarily by calcium dynamics, since enhancement responds rapidly to changes in calcium. It also appears that synaptic enhancement is much more sensitive to [CaZ+] , at mossy fiber synapses than at the crayfish neuromuscular junction. The degree to which enhancement at these two synapses shares the same biochemical machinery is not known. An appealing possibility is that the processes are fundamentally very similar, differing only in the kinetics of the reaction. To account for the rapid response of calcium and the linear relationship between calcium and release, even when calcium levels are quite high, the properties ofthe calcium binding site for the crayfish neuromuscular junction would need to have k+ > 2 x 10h M 'secl, Kd> 2FM,andk > 1 set '.As attractive as this hypothesis may be, it is still very speculative; it may also be true that calcium acts through fundamentally different biochemical pathways at these two synapses.
Short-term use-dependent enhancement qf synaptic strength in the CNS Given that the firing rates of dentate granule cells in behaving rodents are in the frequency ranges we have used for stimulus trains in our experiments, the synaptic enhancement mechanism we have described is likely to be operational in viva (Buzsaki and Czeh, 1992) . The use-dependent enhancement at mossy fibers has many similarities to that exhibited at the crayfish neuromuscular junction. That two synapses in such different animals exhibit similar forms of short-term synaptic plasticity suggests that the biophysical mechanisms that are embodied in the calcium-dependent enhancement may be a universal property found in many types of synapses. We suggest that selective tuning ofthe kinetic rate constants at different synapses provides the biophysical mechanism by which functionally different shortterm synaptic memory requirements are satisfied. 
